ATP-binding cassette (ABC) systems translocate a wide range of solutes across cellular membranes. The thermophilic Gram-negative eubacterium Thermus thermophilus, a model organism for structural genomics and systems biology, discloses ϳ46 ABC proteins, which are largely uncharacterized. Here, we functionally analyzed the first two and only ABC half-transporters of the hyperthermophilic bacterium, TmrA and TmrB. The ABC system mediates uptake of the drug Hoechst 33342 in inside-out oriented vesicles that is inhibited by verapamil. TmrA and TmrB form a stable heterodimeric complex hydrolyzing ATP with a K m of 0.9 mM and k cat of 9 s ؊1 at 68°C. Two nucleotides can be trapped in the heterodimeric ABC complex either by vanadate or by mutation inhibiting ATP hydrolysis. Nucleotide trapping requires permissive temperatures, at which a conformational ATP switch is possible. We further demonstrate that the canonic glutamate 523 of TmrA is essential for rapid conversion of the ATP/ATP-bound complex into its ADP/ATP state, whereas the corresponding aspartate in TmrB (Asp-500) has only a regulatory role. Notably, exchange of this single noncanonic residue into a catalytic glutamate cannot rescue the function of the E523Q/D500E complex, implicating a built-in asymmetry of the complex. However, slow ATP hydrolysis in the newly generated canonic site (D500E) strictly depends on the formation of a posthydrolysis state in the consensus site, indicating an allosteric coupling of both active sites.
transporters, which are integral membrane proteins present in all three phyla of life. Members of this superfamily energize the transmembrane movement of a broad range of solutes, such as lipids, sugars, ions, amino acids, peptides, proteins, or noxious compounds and therefore play a crucial role in various cellular processes (1, 2) . In bacteria, they act either as import systems that mediate uptake of, for example, nutrients or as export systems that are mainly involved in cellular detoxification and self-defense.
ABC transporters share a common architecture comprising two transmembrane domains (TMDs) that assemble the translocation pathway and two nucleotide-binding domains (NBDs), which convert the chemical energy of ATP binding/hydrolysis in conformational changes of the TMDs. ABC importers typically consist of four subunits. An additional binding protein captures solutes and hands them over to the outward facing TMDs. In contrast, ABC exporters comprise all four domains (two NBDs and two TMDs) in one polypeptide (full-length transporter) or in two half-transporters, each consisting of one TMD and one NBD, which together assemble to a homodimeric or heterodimeric transport complex (3, 4) .
Various bacterial and eukaryotic ABC export systems have been identified that mediate a multidrug resistance phenotype (5, 6) . These multidrug resistance proteins are able to export a wide range of chemically unrelated compounds and therefore play a fundamental role in cellular resistance against noxious compounds, like antibiotics or anticancer drugs. Because multidrug ABC proteins cause severe problems in public health, they are a prime target in clinical research (7) . In humans, multidrug resistance is caused by several ABC proteins, such as the full-length transporter P-gp (ABCB1), MRP1 (ABCC1), or homooligomeric BCRP (ABCG2) (8 -10) . In bacteria, most multidrug transport proteins are secondary transporters. However, several ABC-type multidrug transporters have been identified, in particular in Gram-positive bacteria, including LmrA from Lactococcus lactis, Sav1866 from Staphylococcus aureus, or BmrA from Bacillus subtilis, all of which assemble as homodimeric ABC complexes (11) (12) (13) . Additionally, a small number of heterodimeric efflux pumps, e.g. LmrCD from L. lactis, YheI/H from B. subtilis, or SmdAB from Serratia marcescens, are known in prokaryotes mediating resistance against antimicrobial agents (14 -16) . The assembly of two functionally different ABC subunits is a well known * This work was supported by German Research Foundation Grants (SFB807-Transport and Communication across Biological Membranes, TA157/7-1, and AB149/1-1) and funds from the European Community Seventh Framework Program as part of the European Drug Initiative on Channels and Transporters. 1 To whom correspondence should be addressed. Tel.: 49-69-798-29475;
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feature of eukaryotic transporters like TAP1/2 (ABCB2/3), CFTR, or MRP1 (17) (18) (19) . Typically, the NBDs of these ABC systems are not functionally equivalent and interchangeable, as was shown for P-gp (20) , suggesting a functional asymmetry regarding nucleotide binding and hydrolysis (18, (21) (22) (23) .
Similar observations were made for the bacterial multidrug ABC transporter LmrCD (24) . However, the mechanism of heterodimeric ABC transporter-mediated multidrug efflux in prokaryotes, in particular in Gram-negative bacteria, is poorly understood.
To obtain insight in the catalytic cycle of asymmetric ABC export complexes, we identified and characterized the solely heterodimeric ABC half-transporter encoded in the genome of the thermophilic eubacterium Thermus thermophilus HB27. Because of its homology to various multidrug transport proteins, such as LmrCD or P-gp, we named the subunits T. thermophilus multidrug resistance protein A and B (TmrA and TmrB). Both ABC proteins were expressed in Escherichia coli. TmrAB-mediated Hoechst 33342 uptake was shown in inside-out oriented vesicles (IOV), implicating a role of the ABC transporter in the phenomenon of multidrug resistance. To obtain mechanistic data of the ABC export system from a hyperthermophilic Gram-negative eubacterium, the TmrAB subunits were co-purified as a stable heterodimeric ABC transport complex. Biochemical analysis of ATP binding and hydrolysis revealed a functional nonequivalence of the NBDs demonstrating the asymmetric function of TmrAB subunits in the ATP hydrolysis cycle.
EXPERIMENTAL PROCEDURES
Materials-Radiolabeled compounds and DDM were purchased from Hartmann Analytics and Carl Roth, respectively. Enzymes for cloning were ordered from Fermentas. The concentration of total membrane or solubilized proteins was determined using the Bradford assay (Pierce) and micro BCA assay (Pierce), respectively.
Expression of TmrAB-The tmrA/B genes (TTC0976 and TTC0977) were amplified from genomic DNA of T. thermophilus HB27 by PCR using the oligonucleotides 5Ј-GGAATT-CCATATGACCGGTCGGTCA-3Ј and 5Ј-GGAATTCCAT-ATGACCGGTCGGTCAG-3Ј. The PCR product was cloned into the pET22bϩ vector (Novagen) as an NdeI/HindIII fragment, resulting in pET-TmrAB. To introduce a TEV-cleavable His 10 tag at the C terminus of TmrA, the primer pair 5Ј-GGCCGCTCAGTGATGGTGATGGTGATGGTGATGG-TGATGGCCCTGAAAGTATAGGTTTTCACCACCACCA-CCA-3Ј and 5Ј-AGCTTGGTGGTGGTGGTGAAAACCTA-TACTTTCAGGGCCATCACCATCACCATCACCATCACC-ATCACTGAGC-3Ј was hybridized and ligated into pET-TmrAB by using the HindIII and NotI restriction sites. The resulting expression vector is called pET-TmrAB-His 10 . Single as well as double mutants were obtained by using LCR with the following mutagenesis primers: TTC0976-E523Q (5Ј-ATCCTGGACCAGGCCACGG-3Ј), TTC0977-D500N (5Ј-CTCATCCTGGACAACGCCTTAAGC-3Ј), and TTC0977-D500E (5Ј-TCATCCTGGACGAAG CCTTAAGC-3Ј). All of the constructs were confirmed by DNA sequencing. The expression vectors were transformed into E. coli strain BL21 (DE3) (Novagen). The cells were grown in LB medium at 37°C and 180 rpm to the mid-logarithmic phase. Expression was induced at an A 600 of 0.8 by addition of isopropyl ␤-D-thiogalactopyranoside (0.5 mM). After induction, the cells were incubated for 3 h at 37°C before harvesting. To analyze the expression level, E. coli cells were supplemented with HPprotease inhibitor mix (Serva) and broken by 10 cycles of freeze and thaw. After benzonase treatment (20 units/ml; Merck), the cell extract was analyzed by SDS-PAGE (10%, Coomassie staining) and quantitative immunoblotting using an anti-His antibody (Novagen).
Purification of TmrAB-E. coli cell pellets were resuspended in lysis buffer (20 mM HEPES, pH 7.5, 150 mM NaCl) containing HP protease inhibitor mix (Serva) and benzonase (3 units/ml; Merck). Subsequently, the cells were broken by a cell disrupter (1.7 kbar; Basic Z, Constant Systems). Cell lysates were supplemented with 10 mM EDTA, pH 8.0, followed by removal of cell debris via a low speed centrifugation step (6,800 ϫ g; 10 min). The supernatant was centrifuged at 115,000 ϫ g for 45 min to obtain E. coli membranes. For solubilization, the membranes were resuspended in 1% DDM (w/v), 20 mM HEPES, pH 7.5, 150 mM NaCl, and 2 mM imidazole, pH 7.5, to a final concentration of 5 mg/ml total protein and incubated for 1 h at 4°C under gentle shaking. Solubilized proteins were heated up to 70°C for 20 min. Precipitated E. coli proteins were removed by high speed centrifugation at 115,000 ϫ g for 30 min, and the supernatant was applied on a nickel-loaded HiTrapChelating HP-column (1 ml; GE Healthcare) pre-equilibrated with purification buffer (0.02% DDM, 20 mM HEPES, 150 mM NaCl, and 2 mM imidazole, pH 7.5). The column was washed with 10 mM imidazole (20 column volumes) in purification buffer. Specifically bound proteins were eluted with 250 mM imidazole in purification buffer (5 column volumes). Fractions containing TmrAB were pooled and stored at 4°C. The proteins (wild type and mutants) were purified to greater than 98% homogeneity as demonstrated by SDS-PAGE (10%, Coomassie staining) and identified by MALDI-MS.
For MALDI-MS, 2 M TmrAB (10 mM HEPES, pH 7.5, 0.02% DDM) were diluted 1:10 in solvent A (H 2 O/acetonitrile (70/30) supplemented with 0.1% TFA). The matrix used was a solution of 20 mg/ml sDHB (mixture of 2,5-dihydroxybenzoic acid and 5-methoxysalicylic acid; Bruker Daltonics) in solvent A. 1 l of protein solution and 1 l of matrix solution were mixed directly on the sample target and dried in a stream of cold air. MALDI-MS was carried out in the linear, positive ion mode on a Voyager DE-Pro (Applied Biosystems).
Complex Formation of TmrAB-Oligomerization of TmrAB was analyzed by size exclusion chromatography (TSK gel G3000SW; Tossoh Bioscience LLC). 50 l of TmrAB (1 M) were separated in 20 mM HEPES, 150 ml NaCl, pH 7.0, and 0.02% DDM at 4°C with a flow rate of 0.5 ml/min. For calibration, thyroglobulin (669 kDa), ␤-amylase (200 kDa), alcohol dehydrogenase (150 kDa), albumin (66 kDa), and carbonic anhydrase (29 kDa) were used.
LILBID-MS-The quaternary structure of TmrAB was investigated by ultra soft LILBID-MS (25) (26) (27) . Briefly, tiny droplets of native solution (65 pl) were injected into high vac-uum where they were irradiated by mid-IR laser pulses. During the subsequent explosion, the analyte molecules were set free and analyzed by a home-built TOF mass spectrometer. For the LILBID-MS analysis, an aliquot of the stock solution (75 M) was diluted to 10% using a 10 mM HEPES buffer, pH 7.5, containing 0.02% DDM. The spectra were obtained by averaging over 300 droplets after loading a total volume of ϳ5 l.
Drug Translocation in Inside-out Vesicles-E. coli cells expressing TmrAB (T7 Express; New England BioLabs) were harvested by centrifugation at 6,000 ϫ g for 15 min at 4°C and resuspended in lysis buffer (250 mM sucrose, 150 mM NaCl, 2.5 mM MgSO 4 , 20 mM HEPES, pH 7.5) containing HP protease inhibitor mix (Serva) and benzonase (4 units/ml). The cells were lysed by three passages trough a cell disrupter (1.7 kbar; Basic Z; Constant Systems). Subsequently, 15 mM EDTA (pH 8.0) was added, and cell debris was removed by centrifugation at 8,000 ϫ g for 10 min at 4°C. IOVs were harvested at 100,000 ϫ g for 1 h at 4°C and resuspended in 50 mM potassium phosphate buffer, pH 7.0, supplemented with 10% glycerol to a protein concentration of ϳ10 mg/ml. The membrane vesicles were frozen in liquid nitrogen and stored at Ϫ80°C.
To analyze the orientation of membrane insertion of TmrAB, the accessibility of the His 10 tag in IOVs was determined before and after TEV cleavage. IOVs (10 g of total protein) were incubated overnight at 30°C in the presence of TEV protease (2 units; MobiTec). As positive control, the protein was treated with TEV protease and 2% Triton X-100 to guarantee accessibility of the vesicle lumen. Proteins were separated via SDS-PAGE (10%), and the orientation of TmrAB was analyzed by subsequent immunoblotting using an anti-His antibody (Novagen). Quantification of luminescence signal was carried out with a Lumi-Imager F1 (Roche Applied Science) and the LumiAnalyst software (version 3.1).
For Hoechst 33342 uptake, IOVs were diluted to a concentration of 0.6 mg/ml in potassium phosphate buffer (pH 7.0) containing 2 mM MgSO 4 . After incubation for 80 s at 37°C and 50°C, respectively, Hoechst 33342 (2-(4-ethoxyphenyl)-5-(4-methyl-1-piperazinyl)-2,5-bi-1H-benzimidazole; Molecular Probes) was added to a final concentration of 0.75 M. After equilibration, IOVs were energized with 1.5 mM ATP, and changes of Hoechst 33342 fluorescence were monitored over time at excitation and emission wavelengths of 355 and 457 nm, respectively, using the FP-6500 spectrofluorometer (Jasco). Proton motive force was dissipated by the addition of the ionophore nigericin (1 M) and the F-type ATPase inhibitor NaN 3 (10 mM). Verapamil known as a competitor for Hoechst 33342 was used in a concentration range from 0 to 1 mM. IC 50 value was determined using the following equation (whereas F represents the fluorescence intensities).
ATPase Assay-ATPase activity was determined by the release of inorganic phosphate as described previously (28, 29). 25 l of purified TmrAB (0.12 M) were mixed with 25 l of ATP buffer (20 mM HEPES, 150 mM NaCl, 0.02% DDM, 20 mM MgCl 2 pH 7.5) containing 10 mM of ATP, supplemented with [␥-32 P]ATP (5 Ci). The reactions were performed for 4 min at 68°C. The addition of the ABC ATPase inhibitors BeF x (5 mM) or orthovanadate (5 mM, pH 8.0) and the F-type ATPase inhibitor NaN 3 (10 mM) verified the specificity of the ATPase activity. ATP hydrolysis was quenched by addition of 1 ml of reagent A (10 mM ammonium molybdate in 1 N HCl). Subsequently, 15 l of reagent B (20 mM H 2 PO 4 ) and 2 ml of reagent C (isobutanol, cyclohexane, acetone, and reagent A in a ratio of 5:5:1:0.1) were added. The samples were mixed by vigorous vortexing for 30 s. After phase separation, 1 ml of organic phase was added to 2 ml of scintillation fluid (Rotiszint eco plus; Carl Roth), and the amount of released inorganic phosphate was quantified by ␤-counting (Beckman LS 6500 liquid scintillation counter). The IC 50 value for inhibition of ATPase by Hoechst 33342 was determined by fitting data to the dose-response curve (Equation 1).
To determine the v max and K m values, the data were fitted to the Michaelis-Menten equation,
where v represents the rate of ATP hydrolysis, and [S] represents the concentration of ATP. To analyze ATP binding, the samples were incubated for 4 min at room temperature followed by 4 min of UV irradiation (366 nm; Atlas Fluotest forte). For vanadate trapping experiments probing the posthydrolysis state, protein samples were heated up to 68°C for 45 s in the absence or presence of 5 mM ATP, to show the specificity of cross-linking reaction. Subsequently, 4 M of radiolabeled azido-ATP was added, and the samples were incubated for 2 min on ice. Prior to cross-linking, the samples were supplemented with an excess of cold ATP (2 mM), to demonstrate tight occlusion of nucleotides in the NBDs. UV cross-linking was carried out for 4 min. The cross-linked samples were analyzed by SDS-PAGE (10%) and autoradiography.
8-Azido-ATP Photo-labeling-Nucleotide
Stoichiometry of Nucleotide Binding-Bound nucleotides were quantified by trapping experiments. To this end, the TmrAB complex (2 M) was incubated for 3.5 min at 4 or 68°C in the presence of 5 mM MgCl 2 and 700 M ATP, traced with 70 nM of either [␣-32 P]ATP or [␥-32 P]ATP (3 Ci/mol). 5 mM orthovanadate, pH 8.0, was added to wild type TmrAB and ATPase-active mutants to trap the nucleotides in the posthydrolysis state. To demonstrate specificity of nucleotide trapping, the samples were incubated in the absence or presence of 10 mM ATP and AMP, respectively. After incubation, the samples were cooled down to RT for 2 min and supplemented with an excess of ATP (2 mM) to probe for tight trap-ping of the nucleotides in the NBDs. To separate bound from free nucleotides, 50 l of reaction mixture was loaded onto a Micro Bio-Spin 30 gel filtration column, pre-equilibrated in purification buffer containing 2 mM MgCl 2 , and centrifuged for 4 min at room temperature. To quantify trapped nucleotides, the eluate was mixed with 2 ml of scintillation fluid (Rotiszinteco plus; Carl Roth). The bound nucleotides were quantified by ␤-counting (Beckman LS 6500 liquid scintillation counter).
The identity of trapped nucleotides was determined by thin layer chromatography. After spin-down, ATP-trapped protein samples were immediately incubated with 10 mM EDTA and 1% SDS for 5 min. Afterward 1 l of the sample was applied onto a polyethyleneimine cellulose plate (Merck). The nucleotides were separated in 0.75 M KH 2 PO 4 , pH 3.4, and analyzed by phosphorus imaging (Phosphor-Imager 445Si; Molecular Dynamics).
RESULTS
Identification of ABC Half-transporters TmrA and TmrBAnalysis of the genome of the thermophilic Gram-negative bacterium. T. thermophilus HB27 (30) revealed the presence of ϳ46 different ABC systems, predicted by homology to be involved in various cellular processes, including nutrient uptake or extrusion of cytotoxic compounds. The genes TTC0976 (tmrA) and TTC0977 (tmrB) code for two half-site ABC transporters, which are clustered in the same operon and share overlapping open reading frames. Thus, expression of both genes should be tightly regulated (31) . The two gene products feature the typical architecture of ABC half-transporters, with a TMD followed by a NBD (Fig. 1A) . The analysis of the membrane topology using HMMTOP 2.0 (32) revealed that the TMDs of TmrA and TmrB are composed of six transmembrane segments. All of the characteristic ABC motifs, Walker A/B, and C-and H-loops, which are involved in ATP binding and hydrolysis, are conserved in TmrA and TmrB (Table 1) . However, in TmrB the putative catalytic glutamate next to the Walker B motif is substituted by aspartate (Asp-500), leading to a noncanonic ATP-binding site (Fig.  1A) . In bacteria and eukaryotes, several ABC half-transporters (24) , human TAP1/2 (17), and ABCG5/G8 (33) . In contrast to TmrAB, these heterodimeric ABC complexes exhibit additional variations in conserved ABC sequence motifs, such as the C-and H-loop. However, the way in which a canonic and noncanonic NBD allosterically coordinate ATP binding and hydrolysis is still unresolved. Because the asymmetry in TmrAB appears to be focused on a single residue (Asp-500 in TmrB), the ABC complex represents an interesting model system. Thus, we mutated the putative catalytic base in both TmrAB subunits to the respective amides, resulting in E523Q/WT and WT/D500N, respectively. Furthermore, we introduced a glutamate residue in the noncanonic TmrB site, resulting in WT/D500E. Additionally, double mutants E523Q/D500N and E523Q/D500E were generated. Expression and Purification of TmrAB-For functional studies, we expressed TmrAB in E. coli BL21 (DE3). The expression levels were analyzed by SDS-PAGE (10%, Coomassie staining) and immunoblotting using an anti-His antibody directed against the C-terminal His 10 tag of TmrA (Fig. 1B) . Expression of TmrA was time-dependent and reached its maximum 3 h after induction by isopropyl ␤-D-thiogalactopyranoside (0.5 mM) at 37°C. The membranes were solubilized with DDM and His-tagged proteins were purified by metalchelate affinity chromatography. The eluate was analyzed by SDS-PAGE (10%, Coomassie staining), revealing that both subunits were co-purified in stoichiometric amounts. TmrA and TmrB migrate at a lower molecular mass as predicted for very hydrophobic membrane proteins. TmrA-His 10 (M theor ϭ 70.5 kDa) and TmrB (M theor ϭ 64.4 kDa) were detected at 56 and 52 kDa, respectively (Fig. 1C) . All single and double mutants were expressed and purified in amounts comparable to wild type TmrAB. As an example, purified E523Q/WT and WT/D500N mutants are depicted in Fig. 1C .
Quaternary Structure of the TmrAB Complex-The integrity of TmrA and TmrB was first investigated by MALDI-MS in positive ion mode (Fig. 2A) . The single peaks of 69.1 and 64.4 kDa correspond to TmrA after TEV cleavage of the His 10 tag and TmrB, respectively. Notably, in the range of 20 -75 kDa, no additional masses were detected, confirming the identity and composition of the purified TmrAB complex. We next analyzed the oligomeric state of the ABC complex by analytical gel filtration (Fig. 2B) . TmrA and TmrB co-elute as a monodisperse peak with an apparent molecular mass of approximately 250 kDa including the extra mass of the DDM micelle.
To analyze the quaternary structure of the TmrAB complex in its native state, we applied the newly developed ultra soft LILBID-MS (26) . Droplets of TmrAB solution were injected into high vacuum and irradiated by mid-IR laser pulses. Subsequently, the ionized TmrAB complex was set free and analyzed by TOF mass spectrometry. LILBID measurements were performed in two modes. In general, low laser intensity (ultra soft mode) is used to make whole protein complexes "fly." In the dissociation mode using elevated laser power, macromolecular complexes are typically thermolyzed into their sub- units. In the ultra soft negative ion mode, TmrA and TmrB fly as a negatively charged complex with a molecular mass of 148 kDa (Fig. 2C, upper panel) . Of note, the onset of the mass peak corresponds to the exact mass of the complex. The width of the peak does not correspond to the mass resolution R (m/⌬m) ϭ 400, but it is caused by solvation and adduct formation with buffer as can be seen under more intense laser conditions in the lower panel of Fig. 2C . The native TmrAB complex (after TEV cleavage) has a molecular mass of 133.5 kDa, leading to the suggestion that additional molecules are associated with the purified protein complex. By gradual increase of the infrared laser power, associated molecules are released and a second mass peak at 133 kDa becomes apparent, corresponding to the exact molecular mass of the TmrAB complex (Fig. 2C, lower panel) . Importantly, even at high laser intensities the protein complex stays intact, demonstrating a tight noncovalent interaction of both half-site ABC transporters. In summary, these results demonstrate that TmrAB forms a very stable heterodimeric ABC complex.
TmrAB Functions as Multidrug Transporter-Hoechst 33342 is a well characterized substrate for multidrug resistance proteins and its transmembrane movement can be monitored by fluorescence spectroscopy. We therefore examined its membrane translocation in IOVs containing either wild type or ATPase-deficient E523Q/D500N complex ( Table  2 ). The correct membrane orientation of the ABC complex in IOVs was analyzed by TEV protease accessibility based on a site-specific TEV-His 10 tag at the C terminus of TmrA (Fig.  3A) . Immunodetection using an anti-His antibody showed that wild type and E523Q/D500N are equally expressed and that Ͼ95% of TmrAB complexes are oriented with their NBDs to the outside, optimal for uptake assays.
To monitor the translocation activity, IOVs containing wild type TmrAB were incubated with Hoechst 33342 at 37 and 50°C (Fig. 3B ). The addition of ATP leads to a movement of the fluorophore into the aqueous medium at 50°C as reflected by rapid fluorescence quenching. However, only minor changes in the fluorescence signal were observed at 37°C, where TmrAB is ATPase inactive (Fig. 4A) , suggesting that membrane movement of the fluorophore is tightly coupled to the ATPase activity of TmrAB. Transmembrane movement of Hoechst 33342 was impaired in IOVs lacking TmrAB (⌬tmrAB). In addition, IOVs containing the ATPase inactive E523Q/D500N complex do not translocate Hoechst 33342, FIGURE 3. Hoechst 33342 uptake by TmrAB in inside-out vesicles. A, orientation of wild type and mutant TmrAB in IOVs. IOVs were prepared from wild type and E523Q/D500N TmrAB expressing E. coli cells and incubated overnight at 30°C in the absence or presence of TEV protease. As a positive control, IOVs were solubilized with 2% Triton X-100 (TX-100) before TEV cleavage. 20 g of total protein were separated by SDS-PAGE and orientation of TmrAB was determined via immunoblotting using an anti-His antibody. B, wild type TmrAB mediates Hoechst 33342 uptake in IOVs. IOVs derived from E. coli cells expressing wild type TmrAB (black line), E523Q/D500N TmrAB (green line), and the empty pET22bϩ vector (cyan line), respectively, were incubated with 0.75 M of Hoechst 33342. Membrane translocation was initiated after 2 min by the addition of MgATP (1.5 mM). The fluorescence was monitored over time at 50°C with excitation and emission wavelengths of 355 and 457 nm, respectively. As control, Hoechst 33342 uptake was measured at 37°C using IOVs containing wild type TmrAB (gray line). C, inhibition of Hoechst 33342 uptake by NaN 3 and nigericin. The experiments were performed as described in C using IOVs containing wild type TmrAB (black line). The reaction was carried out in the presence of 10 mM NaN 3 (gray line) to inhibit the F 1 F 0 -ATPase. To dissipate proton motive force, 1 M of nigericin was added after 5 min (blue line). D, inhibition of Hoechst 33342 uptake by verapamil. Hoechst 33342 uptake was carried out in wild type IOVs as described above. The reaction was inhibited by titration of verapamil, resulting in an IC 50 value of 83 M. (34, 35) . The authors concluded that LmrA-specific Hoechst 33342 extrusion rather depends on changes in the proton-motive force that is coupled to the activity of F 1 F 0 -ATPase. To examine the effect of the protonmotive force on the translocation activity of TmrAB, the ionophore nigericin was added after reaching maximum fluorescence change (Fig. 3C) . Breakdown of the membrane potential completely reverses the Hoechst 33342 translocation activity. Additionally, Hoechst 33342 extrusion was prevented by the addition of the F 1 F 0 -ATPase inhibitor NaN 3 , indicating that the readout may also depend on the proton gradient generated by the F 1 F 0 -ATPase. Importantly, increasing concentrations of verapamil inhibit TmrAB-mediated Hoechst 33342 translocation, revealing an IC 50 value of 83 M (Fig. 3D ). This result is in good agreement with observations that verapamil inhibits P-gp-, LmrA-, and Sav1866-mediated multidrug resistance (11, 36, 37) as well as LmrA-and Sav1866-specific Hoechst 33342 uptake (11, 13) . These data suggest an interaction of TmrAB with Hoechst 33342 and verapamil. The TmrAB complex mediates a temperature-dependent movement of the fluorophore, leading to the conclusion that conformational changes and ATP hydrolysis are required for transport function of TmrAB.
ATP Hydrolysis of TmrAB-We next analyzed the ATPase activity of the purified TmrAB complex at different temperatures (Fig. 4A) . No ATP hydrolysis was detectable at 37°C, the physiological growth temperature of E. coli. ATP turnover of TmrAB was observed at temperatures from 50 to 95°C, reaching a maximum at 75°C with a turnover rate of 7.5 ATP/s. The temperature optimum correlates to the physiological growth temperature of T. thermophilus (49 -72°C). In conclusion, the function of the TmrAB complex is maintained after heterologous expression and purification. We further examined the influence of various ATPase inhibitors (Fig. 4B) . The ATPase activity was 10-and 100-fold decreased by orthovanadate and BeF x , respectively. No inhibition was observed with the F 1 F 0-ATPase inhibitor NaN 3 . To provide direct evidence that the purified TmrAB complex interacts with Hoechst 33342, we analyzed the ATPase activity at 68°C in the presence of increasing drug concentrations (Fig. 4C) . Interestingly, ATP hydrolysis of TmrAB was inhibited in a dosedependent manner (IC 50 of 95 M).
We next analyzed the ATPase activity of the TmrAB complex as a function of ATP concentration, yielding a K m value of 0.9 Ϯ 0.2 mM and a turnover number k cat of 8.8 Ϯ 0.9 s
Ϫ1
for the wild type complex (Fig. 4D) . Mutation of the putative catalytic base in TmrA (E523Q) resulted in a 70-fold reduction of the ATPase activity, whereas the corresponding D500N mutation in TmrB did not significantly alter the K m and k cat values compared with the wild type complex (Table 2). Notably, introduction of a catalytic glutamate in TmrB (D500E) does not alter the enzymatic fingerprint of the ABC complex, suggesting that functional asymmetry in the NBDs cannot be outweighed by generating an additional second catalytically active site. As expected, the E523Q/D500N complex lacks a detectable ATPase activity, indicating that glutamate 523 in TmrA is essential for ATP hydrolysis in the asymmetric ABC complex.
Nucleotide Trapping by the TmrAB Complex-To gain mechanistic insight in the ATP hydrolysis cycle of the TmrAB complex, we examined the binding and stable trapping of nucleotides in both ATP-binding sites. Purified TmrAB complexes were photo-cross-linked by azido-[␣- (Fig. 5A ). An excess of cold ATP abolished the photo-cross-linking, demonstrating that the reaction is ATP-specific. Surprisingly, no cross-linking of TmrB was observed.
At permissive temperatures (68°C), orthovanadate causes a posthydrolysis trapping of 8-azido-ADP in the TmrA half-site (Fig. 5B) . Similar results were obtained with BeF x (data not shown). Notably, the E523Q/WT complex traps ATP in the prehydrolysis state in a vanadate-independent manner, verifying that Glu-523 in TmrA is essential for ATP hydrolysis. Therefore, a stable occlusion of ATP was observed in the ATPase inactive E523Q/WT complex. Again, no ATP cross-linking of TmrB was detected, indicating that site II either does not bind ATP or that the cross-linking (insertion of the reactive nitrene) is inefficient at this site.
Stoichiometry of Bound Nucleotides in a Pre-and Posthydrolysis State-Because no azido-ATP photo-cross-linking of TmrB was observed, we examined the stoichiometry of nucleotide binding before and after ATP hydrolysis by rapid (spindown) gel filtration. At ATPase-permissive temperatures (68°C), we show that in the presence of orthovanadate, two ␣-32 P-labeled nucleotides are trapped in the wild type complex (Fig. 6A) . Prior to separation of free and bound nucleotides, the samples were supplemented with an excess of cold ATP to demonstrate stable occlusion of nucleotides in the TmrAB complex. Strikingly, only substoichiometric amounts of nucleotides (0.1 mol/complex) were occluded at 4°C (Fig.  6A ). These findings show that permissive temperatures (Ͼ50°C) are required to drive the TmrAB complex into an occluded, vanadate-trapped posthydrolysis state by conformational changes as derived from the outward and inward facing conformations of ABC exporters (38, 39) . Thus, all further experiments were performed at ATPase-permissive temperatures. Under these conditions, stoichiometric trapping of [␣-32 P]ATP and [␥-
32 P]ATP in the wild type complex is strictly vanadate-dependent (Fig. 6B) . In the vanadate-trapped state, two ␣-32 P-labeled nucleotides were bound per TmrAB, whereas only one [␥-
32 P]-ATP was trapped in the ABC complex, reflecting the occlusion of one posthydrolysis ADP-V i and one ATP. The composition of the trapped nucleotides was verified by TLC analysis revealing an equimolar ratio of ATP and ADP (Fig. 6D) . Nucleotide trapping by TmrAB can be competed with an excess of ATP but not with AMP (Fig.  6B) , showing the specificity of the vanadate trapping experiments. The results give evidence that both ATP-binding sites of TmrAB bind ATP, whereas only one site is active in ATP hydrolysis. Because the E523Q mutation in TmrA leads to hydrolysis-deficient TmrAB complex, which is trapped in a prehydrolysis state, we propose that the canonic site I forms the stable ADP-V i posthydrolysis state (Fig. 6E) . To exclude that slow hydrolysis occurs in the noncanonic site II, trapping experiments were performed for 3 min at ATPase-permissive temperatures. Under these conditions no significant hydrolysis was observed in the noncanonic site, verifying that site II is indeed ATP hydrolysis-deficient. Because nucleotide occlusion was observed in both sites, we conclude that ATP is not permanently bound at site II.
Allosteric Communication between the Canonic and Noncanonic ATP-binding Site-To get further insight into the communication between the two asymmetric sites, we characterized nucleotide trapping of various TmrAB mutants (Fig. 6C) Cold ATP (5 mM) was used to probe for specific cross-linking. After cooling down, the samples were incubated with an excess of cold ATP to demonstrate tight occlusion of nucleotides. Subsequently, the cross-link reaction was performed for 4 min on ice. As a control, binding of labeled azido-ATP at room temperature (RT) is shown for the wild type complex. Nucleotide binding was analyzed as described above.
Similar results were obtained for the double mutants E523Q/ D500N and E523Q/D500E. Although samples were immediately treated with EDTA and SDS after rapid spin-down, the TLC analysis of the bound nucleotides in the E523Q/WT complex revealed that 25% of the bound [␣-32 P]ATP are hydrolyzed to [␣-32 P]ADP. Interestingly, 2 mol of the ␥-32 P label are still detectable after separation of the TmrAB complex, implying that the occluded ATP is slowly hydrolyzed in the E523Q site at ATPase-permissive temperatures followed by retarded phosphate release.
The D500N substitution in the noncanonic TmrB site does not change the K m value of ATP hydrolysis. Similar to wild type, the WT/D500N complex traps two [␣-
32 P]ATP molecules in a vanadate-dependent manner, whereas only half that amount of [␥-
32 P]ATP label is bound. Thus, exactly 50% of bound nucleotides are hydrolyzed, indicating that removal of the negative charge at the noncanonic site II does not affect ATP binding of the transport complex and ATP hydrolysis in the canonic site I.
Introduction of a canonic catalytic residue (D500E) in TmrB leads to a decreased occlusion of [␥-
32 P]ATP compared with the wild type complex, whereas still two ␣-32 P-labeled nucleotides are trapped by vanadate. These findings show that a second hydrolytically active site can be introduced in the TmrAB complex, leading to more than 80% hydrolysis of the bound ATP in the WT/D500E complex. Notably, the double mutant E523Q/D500E occludes two ATP molecules in its prehydrolysis state. This striking difference (WT/D500E versus E523Q/D500E) points to an allosteric communication between the two active sites. Thus, ATP hydrolysis in the D500E site depends on ATP hydrolysis in the consensus site I (vanadate trapping of the posthydrolysis state). In contrast, no Wild type TmrAB was incubated in the presence of ATP (0.7 mM) and 5 mM orthovanadate (Vi) for 3.5 min at 4 and 68°C, respectively. Tracer amounts of [␣-32 P]ATP were added during reaction. Prior to spin-down, the samples were supplemented with an excess of cold ATP to verify stable trapping of nucleotides. After separation by rapid gel filtration, the amount of bound nucleotides was determined by ␤-counting. B, vanadate-dependent nucleotide trapping under hydrolysis conditions. Trapping experiments with wild type TmrAB were performed for 3.5 min at 68°C with ATP (0.7 mM) using tracer amounts of [␣-32 P]ATP (black bars) and [␥-32 P]ATP (white bars), respectively. Protein samples were incubated in the absence or presence of 5 mM orthovanadate (Vi). As competitor, either ATP or AMP (10 mM of each) was added. After cooling down to room temperature, the samples were supplemented with 2 mM ATP to demonstrate stable occlusion of nucleotides. Free ATP was removed via rapid gel filtration (spin-down). The amount of trapped nucleotides was determined as described above. the canonic ATP-binding site is essential for ATPase activity in heterodimeric transport complexes (24) . For LmrCD, it was shown that mutation of the aspartate (D495N) in the noncanonic site (LmrC) leads to instability of the protein complex, impeding further characterization of the protein activity. Interestingly, the D500N mutation in TmrB does not alter the expression and complex assembly. We show for the first time that removal of the negative charge (Asp-500) does not change the binding and hydrolysis properties of the TmrAB complex. Nucleotide trapping experiments revealed exactly two nucleotides in the NBDs in the case of the wild type and the WT/D500N complex. One site traps ADP by vanadate (site I), whereas ATP is occluded in the site II. Because Glu-523 in TmrA is essential for ATP hydrolysis, we conclude that site I is responsible for ATPase function. Our data provide strong and direct evidence that the subunits of heterodimeric TmrAB are functionally nonequivalent.
To prove whether symmetry can be rescued, we introduced a second catalytic glutamate (D500E in TmrB) in the noncanonic site II. However, the D500E mutation did not alter the ATP turnover of the TmrAB complex. Additionally, no ATPase activity was observed in the double E523Q/D500E mutant, indicating that the glutamate in the noncanonic site cannot restore the activity of the ABC transporter. Interestingly, in the posthydrolysis state (vanadate-trapped) in the WT/ D500E complex, the introduced glutamate mediates slow hydrolysis in site II. In contrast, two ATP molecules are occluded in the prehydrolysis state in the E523Q/D500E mutant. We therefore conclude that hydrolysis in the newly generated canonic site depends on formation of the posthydrolysis state in site I, supporting a sequential hydrolysis model. However, the overall ATP hydrolysis rate of the TmrAB complex is not influenced by introduction of a catalytic glutamate in TmrB, demonstrating that asymmetry in the TmrAB NBDs is structurally imprinted in the entire complex and not based on an exchange of a single noncanonic residue.
In this study, we analyzed for the first time the basic function and ATP hydrolysis cycle of a heterodimeric multidrug ABC transporter from a hyperthermophilic Gram-negative bacterium. We further demonstrated that the asymmetry of the NBDs regarding nucleotide binding and hydrolysis is a general feature of heterodimeric ABC proteins, suggesting a common mechanism of the catalytic cycle. In contrast to homodimeric ABC proteins, only one site is essential for ATP hydrolysis, indicating different drug transport mechanisms in symmetric and asymmetric ABC proteins. In conclusion, we introduced TmrAB as a new multidrug ABC transporter that represents a valuable model of asymmetric heterodimeric ABC complexes for the examination of the mechanism of multidrug transport.
